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Beyond the Nucleosome: Epigenetic Minireview
Aspects of Position±Effect
Variegation in Drosophila
two chromosomal domains were originally defined on the
basis of cytological properties. Heterochromatin retains
its deeply staining, condensed appearance throughout
the cell cycle, including interphase, whereas euchroma-
tin appears diffuse during interphase. Heterochromatin
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is a nearly ubiquitous feature of the eukaryotic chromo-
some. Although heterochromatin is not cytologically vis-It is now widely recognized that heritable changes in gene
ible in yeast, gene silencing phenomena with featuresexpression can occur without accompanying changes
similar to heterochromatin-induced gene inactivation ininDNA sequence. The discovery of position±effect varie-
Drosophila are observed in S. cerevisiae and S. pombegation (PEV) by H. J. Muller in 1930 provided the first
(reviewed by Grunstein, 1998 [this issue of Cell]).description of a phenomenon with an underlying epige-
General Models of PEV: cis-Spreadingnetic basis. Muller described mutations of the white1
and trans-Interactions(w1) eye color gene of Drosophila that resulted in strik-
How does heterochromatin induce variegated positioning, cell-to-cell variations in gene expression. The mosaic
effects on euchromatic genes? Although several modelsphenotypes were caused by a chromosomal position
have been proposed to explain the underlying basiseffect in which a rearrangement breakpoint displaced
of PEV in Drosophila, the most popular one envisionsthe w1 gene from its normal euchromatic location and
the primary determinant to be the cis-spreading of aplaced it in the vicinity of heterochromatin. Some re-
condensed, heterochromatic chromatin state past thearrangements resulted in large patches of red facets
rearrangement breakpoint (Figures 1A and 1B). This cis-adjacent to large white patches in the adult eye. This
spreading model postulates that heterochromatin im-pattern of variegation suggested that a decision to ex-
poses an altered chromatin conformation onto the eu-press or repress the w1 gene was made early during
chromatic gene, preventing access of the transcriptionaltissue development and was maintained in a metastable
machinery and resulting in transcriptional repression.state through multiple cell divisions.
Variegation is accounted for by variations among cellsPEV provides a model system to investigate the nature
in the extent of linear spreading. Although the molecularof an imprint that specifies the transcriptional state of
nature of the heterochromatin-induced change is un-a gene and the processes that influence its stability.
Since heterochromatin can induce the inactivation of known, several lines of evidence suggest that PEV in-
volves, or results in, changes in chromatin structuremany, if not all, euchromatic genes in Drosophila, stud-
ies of PEV more generally address the functional differ- (reviewed byElgin, 1997). Cytogenetic studieshave shown
that the euchromatin adjacent to the rearrangementences between heterochromatin and euchromatin. These
Figure 1. Models to Explain the Effect of Heterochromatin on Gene Expression
A euchromatic gene placed next to heterochromatin is expressed (A) or repressed (B and C) depending on the extent of cis-spreading of
heterochromatin proteins. In the conventional view of PEV (B), the invading heterochromatin proteins (H-Raps) impose a closed chromatin
state onto the euchromatic gene, blocking access of the transcriptional machinery. Alternatively, the proteins could interact with transcription
factors and form a repressor complex at euchromatic gene promoters (C). H-Rap proteins act differently in the context of heterochromatic
gene promoters. They may facilitate transcription by interacting with other factors to form an activating complex (D), or by mediating long-
distance communication between enhancers and promoters via protein±protein interactions (E).
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breakpoint undergoes visible changes in its banding distinct, are expected to influence each other. Their rela-
pattern in polytene chromosomes. In addition, the varie- tive contributions to the final phenotype will be deter-
gated phenotype can be modified by changing histone mined by the type of heterochromatin at the breakpoint
gene dosage or by genetically or chemically altering the and the complexity of the rearrangement.
levels of histone acetylation. Finally, a comparison of Molecular Models of PEV and a Broader
the chromatin structure of transgenes inserted into het- View of Heterochromatin
erochromatin with a transgene in euchromatin showed Gene silencing in yeast displays some of the features
differences that correlated with levels of expression. of PEV in Drosophila. Since many of the DNA and protein
Specifically, the variegating heterochromatic transgenes components involved in silencing in yeast have been
exhibited decreased accessibility of an internal restric- extensively analyzed, it is possible to construct detailed
tion endonuclease site and a change to a more ordered mechanistic models (reviewed by Grunstein, 1998). DNA
nucleosomal array. sequences have been identified that initiate the forma-
The cis-spreading model of heterochromatin does not tion of a repressive chromatin domain by binding pro-
adequately explain some of the most impressive fea- teins such as Rap1p and the origin recognition complex
tures of PEV in Drosophila. For example, some rearrange- (ORC). These proteins recruit additional factors, includ-
ments with heterochromatin±euchromatin breakpoints ing members of the Sir and Sas families, interact with
induce the variegation of genes located several mega- specific acetylated isoforms of histones H3 and H4, and
bases away from the breakpoint (reviewed by Weiler form a silencing protein complex. Under certain circum-
and Wakimoto, 1995). Long-distance effects of such stances, such as overexpression of Sir3p, the silenced
magnitude are difficult to explain by strict linear propa- domain at the telomere can encompass a region as long
gation of a chromatin state along the chromatin fiber. as 16 kb. Parallels between the fundamental features of
In addition, the severity of the variegated phenotype can silencing in yeast and PEV in Drosophila are further
be influenced by the position of the breakpoint along suggested by the exciting discovery that Drosophila
the chromosome arm and its proximity to other regions ORC proteins and HP-1 colocalize to the heterochroma-
of heterochromatin. It is also sensitive to the overall tin in mitotic chromosomes and copurify as components
complexity of the rearrangement (Wakimoto and Hearn, of a protein complex in early embryos (Pak et al., 1997).
1990) and interchromosomal interactions, including ho- The gene encoding the ORC2 subunit is a dosage-sensi-
molog pairing (Henikoff and Dreesen, 1989). These fea-
tive modifier of PEV, supporting the functional relevance
tures suggest that trans-interactions between different
of the ORC±HP-1 association.
heterochromatic regions and the overall three-dimen-
While the models of gene silencing in yeast provide
sional organization of chromosomes in the interphase
useful paradigms, the added complexity of the het-
nucleus are important for PEV (Wakimoto and Hearn,
erochromatin in multicellular organisms requires more
1990; reviewed in Henikoff, 1996). This idea was stimu-
elaborate explanations. For example, it is clear that thelated by the fact that Drosophila interphase chromo-
number of trans-acting proteins involved, directly or in-somes commonly exhibit the Rabl orientation, with the
directly, in heterochromatin formation is much largercentromeres and the bulk of heterochromatin at one
and the diversity of heterochromatic sequences is muchend of the nucleus and telomeres at the opposite end.
greater in Drosophila and mammals than in yeast. ThisChromosome rearrangements with heterochromatin±
greater complexity no doubt reflects the sizable fractioneuchromatin breakpoints are expected to disrupt this
of the genome that heterochromatin occupies in multi-organization. PEV might then result from the variable
cellular organisms (e.g., .30% in Drosophila). It is un-ability of the displaced gene to reside within a nuclear
likely that the distinction will simply be a matter of scale,compartment that contains a sufficiently high concen-
since it is known that heterochromatin is both structur-tration of necessary transcription factors. This type of
ally and functionally highly heterogeneous (reviewed byposition effect could also act on genes located mega-
Weiler and Wakimoto, 1995).bases away from the breakpoint. Recent cytological
Drosophila genes encoding proteins with roles in PEVstudies (Csink and Henikoff, 1996; Dernburg et al., 1996)
have been identified primarily in genetic screens forprovide support for this nuclear compartment model
dominant Suppressors (Su(var)s) or Enhancers (E(var)s)by showing that a displaced region of heterochromatin
of PEV. Approximately 120 loci have been identified sovariably associates with other regions of heterochroma-
far, but the expected number is likely to be higher sincetin in certain cell types. Importantly, the frequency of
the genome has not yet been saturated for modifiers ofthis association was influenced by several mutations
PEV. Molecular analyses of several dozen modifier genesknown to modify PEV (Csink and Henikoff, 1996). These
suggest diverse functions and confirm the expectationstudies support the idea that rearrangement-induced
that only a subset is likely to be directly involved indisruption of the localization of heterochromatin may
heterochromatin formation. The products of two Su(var)contribute to PEV. The critical experiment correlating
genes, HP-1 and SU(VAR)3-7, are excellent candidatesthe nuclear position of the variegating gene with tran-
for structural components of heterochromatin (reviewedscriptional activity in the same nucleus has not yet been
by Elgin, 1997). These proteins colocalize to the hetero-reported. Nonetheless, taken together, the current evi-
chromatin of polytene chromosomes, coimmunopreci-dence supports the view that two epigenetic mecha-
pitate as members of a protein complex, and interactnisms contribute to the cell-to-cell phenotypic variation
with each other in a yeast two-hybrid assay (Cleardthat is the hallmark of rearrangement-induced PEV: the
et al., 1997). Neither protein has demonstrated DNA-cis-spreading effect of adjacent heterochromatin and
binding activity. Interactions with other proteins, suchthe trans-effect due to chromosomal interactions medi-
ated by heterochromatin. These two mechanisms, while as ORC, may target them to heterochromatic DNA. It
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is important to note that HP-1 and SU(VAR)3-7, while regulator of transcription (Tshierch et al., 1994). This
domain may serve to recruit either repressing or activat-enriched in the heterochromatin, also have numerous,
specific binding sites throughout the euchromatin. Fur- ing complexes to a promoter in a context-dependent
fashion.ther studies are required to determine if these and other
modifier proteins have distinct functions when located Stability and Lability of the Heterochromatic State
Thirty percent of the Drosophila genome is able to per-in a euchromatic context and to assess the significance
of the dual localization in both chromosomal domains. sist or reproducibly reestablish itself as heterochromatin
after each cell division. With respect to epigenetic as-Diverse sequence types comprise the heterochroma-
tin of Drosophila including highly repetitive and middle pects of PEV, it is important to consider what determines
whether the region containing the variegating gene willrepetitive (including transposable element-like DNAs),
and single copy sequences. Repetitiveness may serve assemble into a heterochromatic or euchromatic state
and, once determined, how that state is maintained.as the molecular determinant for heterochromatin for-
mation, either by providing multiple binding sites for Variegation is likely to reflect a competitive situation,
with different regions of heterochromatin vying for sharedspecific heterochromatinproteins or by forming a partic-
ular conformation recognized by heterochromatin pro- heterochromatic proteins. The number, distribution, and
types of sites that bind heterochromatin proteins, asteins. The functional heterogeneity of heterochromatin
is reflected by the fact that some regions of heterochro- well as interchromosomal interactions, are expected to
influence this competition.matin contain actively transcribed genes. The ribosomal
genes are organized into tandem arrays in the hetero- A satisfactory molecular explanation to account for
the propagation of the ONversus OFFstate of a variegat-chromatin in multicellular organisms. Drosophila mela-
nogaster has on the order of 20 protein-encoding, het- ing gene is lacking. DNA methylation does not occur in
Drosophila, so speculations about the marker for main-erochromatic genes. Importantly, at least seven of these
genes have been shown to require proximity to hetero- tenance have focused on a particular chromatin confor-
mation or a DNA-binding protein that might persistchromatin for their normal expression (reviewed by Weiler
and Wakimoto, 1995). Chromosome rearrangements that through S phase and mitosis. Recent cytological studies
have followed the distribution of several Drosophilaseparate these genes from large blocks of heterochro-
matin result in their variegated expression. In addition, chromosomal proteins through the cell cycle. The GAGA
protein, a transcriptional regulator encoded by an E(var)these genes are modified in opposite ways from varie-
gating euchromatic genes. For instance, an estimated gene (trithorax-like), binds to many sites in euchromatin
and to specific blocks of heterochromatin. GAGA exhib-half of the mutations that suppress PEV of euchromatic
genes, enhance PEV of heterochromatic genes. This recip- its the type of behavior anticipated for a heterochromatin
marker in the embryo since it remains bound to an A-G-rocal behavior of modifiers extends to genic enhancers
of PEV. rich satellite sequence throughout the cell cycle (Raff
et al., 1994). However, in other cell types such as larvalThe fact that heterochromatin and the proteins that
bind it promote the expression of certain types of genes neuroblasts, it binds heterochromatin only during mito-
sis (Platero et al., 1998). Other studies have revealedargues against the conventional model of heterochro-
matin as a homogeneously condensed chromatin state surprisingly dynamic behavior for general and site-spe-
cific transcription factors (Martinez-Balbas et al., 1995)that is inaccessible to the transcriptional machinery.
Instead, a broader view of heterochromatin is needed and for heterochromatin-binding proteins during the
embryonic divisions. In the late embryo, significant frac-to account for its known biological activities and its
effects on gene expression (Figure 1). The reciprocal tions of HP-1 and SU(VAR)3-7 disperse from the chro-
mosomes during metaphase and then reassemble ontoaction of the modifiers of PEV on variegating heterochro-
matic versus euchromatic genes predicts that a large chromatin at telophase (Kellum et al., 1995; Cleard et
al., 1997).subset of the SU(VAR) proteins repress euchromatic
gene expression (Figures 1A±1C) but facilitate the tran- These complex patterns of protein dispersion and re-
assembly onto chromatin at various times of the cellscription of heterochromatic genes (Figures 1D and 1E).
Conversely, E(VAR)s, which are typically viewed as tran- cycle have implications for PEV, and for gene expression
in general, since they define windows of opportunity toscriptional activators, repress heterochromatic gene
transcription. This subset of modifier proteins with dual, remodel chromatin (Martinez-Balbas et al., 1995; Mi-
chelotti et al., 1997). However, it is important to notecontext-dependent transcriptional roles suggests func-
tional similarities toRap1p. This repressor/activator pro- that the immunolocalization assays used in most of the
studies described above monitor bulk protein distribu-tein plays a role in gene silencing and in positive and
negative transcriptional regulation in yeast. Consistent tion. These assays could not detect changes in a small
fraction of the protein population. Two recent studieswith the existence of a Rap1p-like class of heterochro-
matic proteins (H-Rap) is the recent discovery that the used nuclease sensitivity (Martinez-Balbas et al., 1995)
or reactivity to potassium permanganate (Michelotti etmammalian heterochromatin-binding HP-1 homologs
physically interact with the TIFa and TIFb transcriptional al., 1997) to obtain a higher-resolution view of the changes
in chromatin structure that occur around specific pro-activators (Le Douarin et al., 1996). This notion is also
consistent with the finding that some heterochromatin moters as cells undergo mitosis. While the transcription
factors being monitored were displaced from the pro-protein motifs are found in proteins that appear to play
antagonistic roles in gene expression. For example, the moter during metaphase, a footprint remained on the
DNA. The persistence of this as-yet-unidentified markerSET domain is present in SU(VAR)3-9 and E(Z), proteins
with proposed repressive roles, and in TRX, a positive on the chromosome might
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of a transcriptional state after mitosis. A similar type
of molecular ªbookmarkº (Michelotti et al., 1997) could
explain how the ON versus OFF states are inherited by
genes affected by heterochromatin-induced PEV.
Perspectives
Studies of PEV are providing important insights into the
mechanisms that influence chromatin structure beyond
the level of the nucleosome. A surprisingly large network
of proteins influences PEV and heterochromatin forma-
tion in Drosophila. Recent molecular studies have pro-
vided a better understanding of the potential roles of
these proteins. However, more extensive analyses of
the physical interactions among these proteins, their
DNA- and chromosome-binding properties, and their
roles in gene expression are required to build more pre-
cise molecular models that accommodate the known
biological functions of heterochromatin and explain the
multiple genetic and epigenetic mechanisms of PEV.
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